Knee kinetics and kinematics: What are the effects of TKA malconfigurations? by Pianigiani, Silvia et al.
1 3
Knee Surg Sports Traumatol Arthrosc
DOI 10.1007/s00167-015-3514-y
KNEE
Knee kinetics and kinematics: What are the effects of TKA 
malconfigurations?
Silvia Pianigiani · Luc Labey · Walter Pascale · 
Bernardo Innocenti 
Received: 29 July 2014 / Accepted: 12 January 2015 
© European Society of Sports Traumatology, Knee Surgery, Arthroscopy (ESSKA) 2015
Results The results from this study show that contact 
forces (with changes up to 67 %) are more heavily affected 
by malconfigurations than kinematics, for which maxi-
mum deviations are of the order of 5 mm or 5°, similar to 
the simulated surgical errors. The results present a similar 
trend for the different designs.
Conclusions The results confirm the hypothesis that 
kinematics is not the only and also not the most relevant 
parameter to predict or explain knee function after TKA. 
In the future, techniques to analyse knee kinetics should be 
integrated in the clinical follow-up.
Keywords Knee kinematics · Knee contact forces · TKA 
performance · Malconfigurations · Clinical follow-up
Introduction
Although total knee arthroplasty (TKA) is a very success-
ful surgical procedure [25], implant failures and patient dis-
satisfaction still persist.
Typically, follow-up examination is based on manual 
testing by the surgeon, medical imaging, the subjective 
assessment of activities performed by the patient, and the 
use of questionnaires and clinical scores [21, 36]. Rarely, 
more thorough patient investigations, including joint kin-
ematics analyses using fluoroscopy [1, 32] or 3D motion 
capture [2, 4, 7], are used.
For research purposes, the use of instrumented knee 
prostheses to obtain both kinematics and kinetics informa-
tion has been documented in literature [27, 45], but this 
is limited to a small group of patients with specific TKA 
designs and aimed at analysing internal tibio-femoral 
contact forces. Contact forces in the knee joint can also 
be predicted by integrating 3D motion capture with force 
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Purpose Total knee arthroplasty (TKA) is a very suc-
cessful surgical procedure. However, implant failures and 
patient dissatisfaction still persist. Sometimes surgeons are 
not able to understand and explain these negative perfor-
mances because the patient’s medical images “look good”, 
but the patient “feels bad”. Apart from radiograph imaging 
and clinical outcome scores, conventionally used follow-up 
methods are mainly based on the analysis of knee kinemat-
ics. However, even if kinematics remains close to the “nor-
mal” range of motion, the patient may still complain about 
pain and functional limitations. To provide more insight 
into this paradox, a better quantitative understanding of 
TKA mechanics must be developed. For this purpose, 
improved techniques for clinical follow-up, combining 
kinetics and kinematics analysis, should be introduced to 
help surgeons to assess and understand TKA performance.
Methods An analysis on four TKA designs was per-
formed, and the changes in kinematics and in kinetics 
induced by several implant configurations (simulating 
implant malalignment and different knee anatomy) were 
compared. More specifically, analysed tibio-femoral and 
patello-femoral contact forces and tibio-femoral kinematics 
were analysed during a squat task up to 120°.
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platforms, EMG data [28], and musculoskeletal models 
[33, 38]. However, this approach is almost never performed 
in clinical practice.
If the patient complains about TKA performance and 
only standard clinical follow-up is executed, painful knees 
often show “normal” kinematics [6, 44], even during a 
fluoroscopic examination [3]. For this reason, new motion 
analysis approaches [18, 19, 31] aim to correlate knee pain 
with joint kinematics during daily activities, but so far no 
significant correlations have been found.
Also, numerical 3D computer simulation as finite ele-
ment models is nowadays used to predict joints mechanics, 
but only few of them are validated [9, 23, 24, 37, 42, 43] 
and they have not been used so far to find correlations with 
patients’ bad performance or pain. Two validated numerical 
analyses [24, 37] were previously implemented to under-
stand tibio-femoral and patello-femoral contact forces and 
tibio-femoral kinematics in TKA’s. Analysing the results 
from these two studies, it was observed that both kinemat-
ics and contact forces are affected by malconfigurations 
of the implant or by anatomy, but apparently to a different 
degree. The hypothesis of this study is that contact forces 
are much more sensitive to malconfigurations than kin-
ematics and might therefore be a better indicator for TKA 
performance.
Therefore, the aim of this study is to quantitatively com-
pare how malconfiguration and soft tissue deviations in the 
same TKA type impact both knee kinetics and kinematics 
and to what extent.
Materials and methods
Numerical model
The methodology and models used in this work are based 
on a previously developed numerical model, already 
described thoroughly in Innocenti et al. and Pianigiani 
et al. [24, 37]. The numerical model used in these studies 
has been validated both for the contact force analysis [24] 
and for the kinematics analysis [37].
In this paper, only a brief summary of the main steps and 
features is given.
A physiological knee model was geometrically defined 
based on a CT scan of a full native cadaver leg. To better 
represent the soft tissue biomechanics, special care was 
taken to the identification of the insertion points of the col-
lateral ligaments, patellar, and quadriceps tendons. The 
defined physiological knee model was then used to virtu-
ally implant a TKA of four different designs.
Four currently available TKA designs (all Smith & 
Nephew, Memphis, TN) were considered:
•	 A fixed bearing traditional design.
•	 A fixed bearing high flex design.
•	 A hinged design.
•	 A mobile bearing design.
For each TKA in analysis, CAD designs were provided 
from the manufacturer and they were implanted properly 
following the manufacturer’s instructions. Thus, four ref-
erence configurations were obtained, one for each design. 
The virtual implanting procedure was performed by an 
engineer under the supervision of an experienced surgeon. 
A 32-mm-diameter button was used to resurface the patel-
lar bone in all the TKA.
Analysed configurations
As explained in previous papers [24, 37], for each TKA 
design, the tibial component, the patellar button, and the 
collateral ligament insertion points were all changed from 
their reference position to define 26 additional configura-
tions (as reported in Table 1) [5, 12, 15, 16, 30, 34, 39–
41]. These configurations were defined to represent both 
potential implant malalignments (within the boundaries 
of state-of-the-art surgical procedures) and soft tissue 
changes resulting from differences in patient morphol-
ogy [13, 14, 16, 20]. A total of 98 configurations were 
analysed.
Analysis
According to a previous experimental study [11], a 
loaded squat until a maximum flexion angle of 120° 
with a constant vertical load of 125 N on the ankle was 
performed.
During flexion, the following parameters were extracted:
•	 the medial tibio-femoral contact force;
•	 the lateral tibio-femoral contact force;
•	 the patello-femoral contact force;
•	 the internal/external tibio-femoral rotation;
•	 the abduction/adduction tibio-femoral tilting;
•	 the anterior/posterior tibio-femoral translation.
For the contact force analysis, the maximum force 
reached in all the malaligned configurations was com-
pared with the maximum force reached in the reference 
configuration. In all cases, for each design, the maximum 
was obtained close to deepest flexion. For the analysis of 
the tibio-femoral kinematics, the range of movement in the 
three analysed directions was calculated and compared for 
all the malconfigurations and the corresponding reference 
configuration.
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Results
Figures 1 and 2 show an example of contact forces and kin-
ematics trends for one of the analysed designs for its refer-
ence configuration and two malconfigurations.
The full overview of the changes in kinematics and 
kinetics for all the analysed designs is described in previ-
ous papers [24, 37]. As this study is more focused in rec-
ognizing trends in sensitivity of contact forces and of kin-
ematics to malconfigurations, irrespective of TKA design, 
data for all the designs were grouped. Furthermore, the 
results are reported in terms of amount of change of each 
malconfiguration for each prosthesis, based on relevant 
thresholds.
To highlight which malalignment changes the results 
most and for the sake of clarity, the outputs were subdi-
vided changes in three groups:
•	 Group A—all outcome changes induced by a malcon-
figuration of the tibial component;
•	 Group B—all outcome changes induced by a malcon-
figuration at the patellar component;
•	 Group C—all outcome changes induced by a change of 
the collateral ligament insertion points.
Results were subdivided according to three thresholds 
with respect to the reference configuration. Concerning 
contact forces, thresholds of 10, 20, and 30 % of change 
with respect to the reference configuration were chosen. 
Regarding the kinematics, thresholds of 2°, 3°, and 4° for 
the rotations and 2, 3, and 4 mm for the translations com-
pared to the reference configurations were selected.
To obtain the frequency for each selected limit, first each 
malconfiguration of each TKA design with its own refer-
ence configuration was compared, and then it was checked 
how often, for all the TKAs together, a certain range of 
movement or a certain maximum force crossed the chosen 
threshold.
Results reporting the frequency of changes are given in 
Table 2 for the contact forces and in Table 3 for the kin-
ematics. In both tables, darker colours indicate highest 
frequency. 
Comparing Table 2 with Table 3, it is immediately clear 
that there are more coloured cells in Table 2, which shows 
the contact forces, meaning that contact forces are more 
often affected by malconfigurations than kinematics. More-
over, tibio-femoral contact forces are more often affected 
than patello-femoral. For all the designs, the same changes 
in configuration, which lead to minor changes in kinemat-
ics, can induce major differences in contact forces. This 
finding could be also associated with patello-femoral mal-
tracking; in fact, patello-femoral maltracking is often due 
to component malalignment, generating aberrant contact 
forces.
Finally, patellar component malconfigurations and 
changes to ligament insertions affect contact forces more 
than tibial component malconfigurations, while kinematics 
is mainly affected by patellar component and less by tibial 
component malconfigurations.
Discussion
The most important finding of the present study is that 
changes to the kinetics, induced by TKA malpositioning, 
are indeed more frequent than changes in kinematics. Our 
hypothesis is confirmed by the obtained results.
In general, the same malconfiguration affects knee 
behaviour for all the designs similarly. More specifically, 
changes in kinematics are of the same order of magnitude 
as the applied changes in alignment (smaller than 5° or 
Table 1  Directions and the values used for the definition of the ana-
lysed configurations
Configuration Direction Value
Tibial component
 Antero/posterior translation Anterior 3 mm
Posterior 3 mm
 Medio/lateral translation Medial 3 mm
Lateral 3 mm
 Flexion/extension rotation Flexion 3°
Extension 3°
 Abduction/adduction rotation Abduction 3°
Adduction 3°
 Internal/external rotation Internal 5°
External 5°
Patellar component
 Alta-baja Alta BPI [24] 1.29
Baja BPI [24] 0.59
 Internal/external tilting Internal 10°
External 10°
Medial collateral ligament
 Antero/posterior translation Anterior 5 mm
Posterior 5 mm
 Medio/lateral translation Medial 5 mm
Lateral 5 mm
 Proximal/distal translation Proximal 5 mm
Distal 5 mm
Lateral collateral ligament
 Antero/posterior translation Anterior 5 mm
Posterior 5 mm
 Medio/lateral translation Medial 5 mm
Lateral 5 mm
 Proximal/distal translation Proximal 5 mm
Distal 5 mm
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4 mm) and always smaller than the corresponding range 
of motion. Changes in contact forces, on the other hand, 
can reach much higher relative values [24]. The significant 
alterations in contact forces, up to 67 % for changing in 
patellar height [24], could lead to considerable increases of 
pressure that might be a possible cause of TKA failure such 
as wear, bone remodelling, resorption, and loosening [22, 
26], but may also be linked to bad performance (pain, lim-
ited function) as perceived by the patient.
These findings prove our hypothesis that kinematics 
analysis alone is not enough to explain knee behaviour and 
this has important clinical implications: a relatively small 
surgical error, leading to slight implant malalignment, 
which may not be detectable using standard follow-up tools 
used by clinicians, can still lead to considerable differences 
in pressures and pressure distribution, changes in ligament 
strains [8, 11] and, potentially, pain.
This study is based only on one patient leg; however, 
differences in anatomy were integrated in the analysis. The 
tested malpositioning configurations were verified sepa-
rately, only considering the tibial and the patellar compo-
nents, and no analysis on the effect of combined malcon-
figuration was performed. Combinations of surgical errors 
may reinforce each other and lead to more drastic changes 
in kinematics and kinetics, but this effect was not investi-
gated in this study. Moreover, only resurfaced patella has 
been considered, and patello-femoral kinematics has not 
been observed even if that can been significantly altered 
Fig. 1  a An example of contact force output trends and highlighted 
differences for maximum contact forces. In particular, these outputs 
indicate the medial tibio-femoral contact force for the reference con-
figuration and after internal/external tibial component malalignment 
for one of the analysed TKA designs; b an example of kinematics 
output trends and highlighted differences for kinematics range. In 
particular, these outputs indicate the medial tibio-femoral internal/
external rotation for the same case analysed in (a)
Fig. 2  a An example of kinematics output trends and b highlighted 
differences for kinematics ranges. In particular, these outputs indicate 
the medial tibio-femoral contact force for the reference configuration 
and after internal/external tibial component malalignment for one of 
the traditional TKA design
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by surgical errors. Our model does not consider soft tissues 
wrapping; therefore, any deformity of the anatomy is con-
sidered in the model. An added value to this work could be 
considering the same configurations with the native patel-
lar bone instead of the patellar resurfacing or different 
patellar component sizes. However, in this study, the addi-
tion of these options was not considered because it would 
introduce other levels of variability (as the native shape, 
the native, and the resurfacing patella dimensions and posi-
tions) that was not the subject of investigation. In addition, 
to compare the contact forces outputs, only the maximum 
reached value was evaluated during the squat and not the 
contact force trends that are also design dependent. Finally, 
any comparison with native knee was introduced as this 
analysis is mainly focused in understanding the perfor-
mance of TKA for a patient.
Despite these limitations, this research has some signifi-
cant clinical implications. Currently, objective evaluations 
of the quality and performance of a TKA are mostly based 
on imaging and kinematics measurements, but from our 
results that does not seem sufficient.
Typically, surgeons will look at radiographs to assess 
alignment of the implant in frontal and sagittal planes, 
and they will use questionnaires to check pain and func-
tion of the joint replacement. Exceptionally, and mainly 
for research purposes, post-op CTs may be used to assess 
3D TKA alignment, and gait analysis or fluoroscopic tech-
niques may be applied to measure joint kinematics. Unfor-
tunately, none of these techniques are sufficiently accurate 
and precise to detect the small changes that were observed 
in this study [29]. Ligament anatomy, which influences 
IE rotation considerably, is not even taken into account in 
pre- or post-op evaluations and is only considered, though 
indirectly, while balancing the knee during surgery. The 
level of surgical accuracy that was considered (maximum 
changes of 5 mm and 5°), and which still led to considera-
ble changes in contact forces, is not even reached with nav-
igation systems [29]. This means that most of the changes 
Table 2  Frequency of changes in contact forces outputs, with respect to the reference configuration, subdivided following proper group of mal-
configuration
To obtain the frequency for each selected limit, first we compared each malconfiguration of each TKA design with its own reference configura-
tion, and then we counted how many times, for all the TKAs together, a certain range of movement or a certain maximum flexion was beyond 
the chosen levels. Different colours highlight the frequency of changes. Darker colours represent highest frequencies
Table 3  Frequency of changes in kinematics outputs, with respect to the reference configuration, subdivided following proper group of malcon-
figuration
To obtain the frequency for each selected limit, first we compared each malconfiguration of each TKA design with its own reference configura-
tion, and then we counted how many times, for all the TKAs together, a certain range of movement or a certain maximum flexion was beyond 
the chosen levels. Different colours highlight the frequency of changes. Darker colours represent highest frequencies
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that are observed in this study will remain unnoticed in typ-
ical clinical follow-up.
Thus, based on these observations, improved techniques 
to assess TKA performance are needed. Ideally, these 
measurement techniques should enable contact force esti-
mation and soft tissue strains rather than only kinematics, 
because this information would be much more powerful 
to understand the patient performance and to predict TKA 
outcomes. This might maybe also provide a better expla-
nation for those dissatisfied patients that present “normal” 
TKA gait patterns, during standard clinical follow-up, but 
not “normal” contact forces.
A realistic suggestion in improving clinical follow-up, to 
detect also in vivo contact forces, is the adoption of model-
based RSA analysis, dynamic MRI, high quality CTs, and 
fluoroscopy or gait analysis coupled with force platforms. 
Even if the introduction of these techniques may induce 
a significant increase of the cost, these thorough analy-
ses should be performed only for unsatisfied patients with 
unexplainable reasons.
The presented effects also indicate that adequate posi-
tioning of components is a key factor to enhance clinical 
outcomes. Despite the limitations previously discussed, and 
the fact that more research is needed on this topic, these 
results support the use of image-based navigation, patient-
specific implant procedures, and instrumentation, which all 
have been shown to reduce TKA malalignment [10, 17] and 
might also optimize knee balancing [35]. While not all of 
these surgical techniques may be cost-effective nowadays, 
they may improve TKAs life expectancy and patient clini-
cal outcomes, including less pain in the limited number of 
patients which now show low performance. The question 
then becomes, of course, how to identify those patients 
before surgery.
Conclusions
To conclude, if small surgical errors have not shown sub-
stantial effects on kinematics, surgeons should still care 
about small surgical errors because they can affect the 
contact forces by a greater relative amount and hence they 
could generate patients’ pain and dissatisfaction.
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